Over the last decades, semiconductor nanowires have been extensively studied for their applications in several disciplines. Many of these applications require heterostructures, which can be defined as the combination of two or more materials within the same nanowire structure. Recent research on the ZnO nanowires (NWs) heterostructures shows the possibility to overcome the existing limitation of the bare ZnO NWs based optoelectronic devices. Prospects for the commercialization of ZnO NWs based devices using the heterostructure approach are intensively pursued at present. This review article summarizes the current status of research worldwide and the findings from our group on various aspects of the ZnO NW heterostructures: fabrication methodologies, structural characterization, photophysical properties and related emerging applications. The fascinating properties of the ZnO NW heterostructures and its applications in different devices, mainly UV photodetectors, light-emitting-diodes, dye sensitized or quantum dots sensitized solar cells and photoelectrochemical cells are discussed. Focus of the article is on the impact of heterostructure approach on the selective properties and performance of the ZnO NWs based devices. The improvements in the key parameters of these devices are also discussed to highlight the effectiveness of the heterostructure approach and a future outlook of the field is presented at the end.
INTRODUCTION
One-dimensional nanostructures, including nanowires (NWs) and nanorods are the most studied nanomaterials for their important physical properties and application prospects. Large surface-to-volume ratio and direct carrier conduction path of 1D nanostructures are the key factors for getting edge over other types of nanostructures. The field of semiconductor nanowire has emerged as one of the most active research areas within the nanoscience community. 1 2 Among the important class of semiconductors, ZnO is a direct wide bandgap material with a bandgap of ∼ 3.37 eV and high excitonic binding energy of 60 meV at room temperature. ZnO NWs are extensively studied due to the ease of synthesis and fascinating properties. ZnO NWs are employed as active component in various electronic and optoelectronic devices, e.g., field effect transistors, 3 4 UV photodetectors, 5 6 piezoelectric nanogenerators, 7 8 nanolasers, 9 10 UV light emitting diodes, 11 12 solar cells, 13 14 biosensors 15 16 etc. Various types of ZnO nanostructures are synthesized and find its importance in to several fields. Use of ZnO nanorods/nanoparticles are successfully demonstrated for self-lighting photodynamic therapy for treatment of the deep cancers. [17] [18] [19] [20] Other ZnO NWs could be easily grown by thermal vapor deposition, chemical vapor deposition and hydrothermal/solvothermal methods. Various types of one-dimensional ZnO nanostructures have been grown by several groups worldwide over the past decade [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and they studied the effect of growth conditions on the morphology. Several key achievements have been made on the synthesis of the ZnO NWs with control in all the key parameters, such as crystallinity, growth orientation, chemical composition, shapes, diameter, length, etc. 23 25 26 32-37 This motivates us to design and fabricate the ZnO NWs based innovative nano-devices with tunable characteristics.
The key parameters of the performance index of the bare ZnO NWs based nano-devices are not up to the level for commercialized applications. Therefore, significant improvements are required to meet future demands for applications in variety of fields. As the surface-to-volume ratio in NWs is very high, the surface states play a key role on optical absorption, luminescence and detection in determining the electrical and optoelectronic properties of NWs based nano-devices. Thus, modification of the surface of the ZnO NWs by using hybrid structures or heterostructures (HS) approach could enable superior/efficient performance of the nanoscale devices. In the past few years, several technological methodologies have been developed for the fabrication of high quality NW HS with suitable external materials. A few recent review articles on semiconductor nanowire heterostructure highlights the significance and developments in the fabrication and applications of heterostructures. [38] [39] [40] Using the HS approach, researchers are able to modify/improve the selective property of the ZnO NWs according to the requirements. The ZnO NW HS find applications in several nanoelectronic devices, e.g., UV photodetectors, 41 42 LED, 43 44 solar cells, 14 45 photoelectrochemical cells etc. 46 These devices show efficient and improved performances compared to the bare ZnO NWs counterpart. Therefore, successful integration of ZnO NWs HS based nanoscale electronic devices on CMOScompatible substrates and or various low-cost substrates via direct growth and transfer-printing techniques will proceed towards the adaptation of this technology module in the semiconductor industry. Till date, there is no review article dedicated to the fabrication, fascinating properties and potential applications of the ZnO NW HS.
In this review article, first we present a summary of the widely used techniques for the growth of high quality ZnO NWs, namely vapor transport chemical vapor deposition (CVD) growth and hydrothermal growth, and fabrication methodologies of various types of ZnO NW HS. Next, we review the fascinating properties of the ZnO NW HS and their applications in different devices, primarily UV photodetectors, light-emitting-diodes, dye sensitized or quantum dots sensitized solar cells and photoelectrochemical cells. In this section, we highlight the impacts of the HS on the selective properties and performance of the devices. The improvements in the key parameters of these devices are discussed to highlight the effectiveness of the HS approach. At the end of this article, a summary and future outlook of the field is discussed.
GROWTH OF ZnO NANOWIRES
For device applications, large-scale and highly oriented NWs array structures are preferable for direct conduction path of the carriers as well as simplification of device fabrication. A vast number of studies on the controlled growth of NWs over the decades made it possible to easily synthesize the ZnO NWs according to the requirement for the dedicated device fabrication. Semiconductor NWs can now be synthesized in large quantities using both gas phase and solution phase methods. There are several in-depth review articles which discussed on the controlled growth of various semiconducting NWs. 27 47-49 Bottom-up technique is the most useful and reliable method for the synthesis of high quality single crystalline NWs. Out of several bottomup approaches, vapour transport growth by CVD technique and chemical growth by hydrothermal technique are the widely explored and largely usable methods for their versatility about controllability, repeatability, quality and mass production. In this section, we will briefly introduce some of the important synthesis processes of the high quality ZnO NWs, which are suitable for the fabrication of the photodetectors and other optoelectronic devices. Our work is based on the ZnO NWs grown by vapor transport as well as hydrothermal growth methods.
Vapor Transport Growth
Among all vapor transport based synthesis methods, the Vapor-Liquid-Solid (VLS) growth seems to be the most successful in generating large quantities of NWs and NRs with single crystalline structures. Wagner and Ellis 50 first reported this growth mechanism in the 1960s to produce micrometer-sized wires, later justified thermodynamically and kinetically by Givargizov in 1975 . 51 In the early twenty-first century, this mechanism is extensively explored by several research groups worldwide to prepare NWs and NRs from a rich variety of inorganic materials. 29 52-60 Huang et al. 22 first reported on the synthesis of highly crystalline ZnO NWs via VLS growth mechanism using mono-dispersed Au colloid as catalyst. Diameter control of the NWs was achieved by varying the Au layer thickness. They were also able to synthesize patterned NWs network by patterning the Au catalyst on the substrate. The VLS growth mechanism was practically demonstrated by Yang group 54 with the help of in-situ transmission electron microscopy (TEM) techniques by monitoring the VLS growth mechanism in real time. Their finding first confirmed the association of VLS process in the growth of the NWs.
ZnO NWs with vertical or horizontal orientation could be synthesized by this method using ZnO/Zn seed layer or metal catalyst layer. 22 24 58 61-69 For metal catalyst, Au has got major popularity compared to any other metals viz. Cu, Ni, Sn for the synthesis of ZnO NWs. However, best result in terms of crystallinity and orientation, is obtained by combining the effects of seed layer and Au layer as the catalyst. 64 70 Figure 1 shows the scanning electron microscope (SEM) and corresponding transmission electron microscope (TEM) images of the Sb doped ZnO nanowire array. The length and diameter of the ZnO nanowires are on an average 3 m and 150 nm, respectively. The as-grown ZnO NWs are used for the fabrication of ZnO p-n homojunctions based photodiode for UV photodetection. Wang et al. 68 obtained a perfect vertical orientation of the NWs with single crystalline structure [along (002) plane] due to the effect of high quality thin MgO/ZnO buffer layer grown by plasma assisted molecular beam epitaxy (MBE). First, an n-type ZnO seed film was grown on a c-plane sapphire substrate using plasma assisted MBE. The growth process began with a thin MgO/ZnO buffer layer of less than 10 nm at a growth temperature of 550 C for improving the subsequent ZnO film quality. Then the seed ZnO film was grown at 700 C for 5 h, yielding thicker film of ZnO seed. The growth of ZnO NWs array was carried out at 650 C using Zn powder source for 15 min with a gas flow of 1000 sccm (standard cubic centimeter per minute) nitrogen and 200 sccm mixture gas of argon/oxygen (99.5:0.5). Similarly, long ZnO NWs arrays with a perfect vertical orientation are obtained by our group and others 64 70 71 using high quality Au/ZnO seed layer. In this case, ZnO NWs growth initiates on the seed layer and the Au layer transfer the orientation of the ZnO seed layer to the ZnO NWs resulting perfect vertical orientation along (002) plane. Along with the vertically aligned NWs array, horizontally grown long ZnO NWs are also suitable for the fabrication of nanoelectronic device. In this case devices could be fabricated either using single NW by pick and place technique or directly making electrical contacts to a large number of NWs. Liu et al. 12 reported the mass production of paper-like flexible ZnO NWs film by vapor phase method and later they used it for the fabrication of photosensing devices. 65 The free-standing NWs films can be trimmed by a blade into any shape and can be attached to any compatible substrate. Figure 2 shows the successful mass production of long horizontally grown ZnO NWs which formed a cotton-like white product at low temperature region ∼200 C (Figs. 2(a)-(b) ). The FESEM images (Figs. 2(c) -(d)) shows the formation of dense and long ZnO NWs in the cotton-like NWs film. The ZnO NWs, which are a few tens of nm in diameter, are interlaced with each other to form a felt-like morphology. Here, ZnO NWs grew without any catalyst and deposition was carried out in oxygen-rich condition and below the stable growth temperature. These changes results in the morphology and high yield of products of the ZnO NWs, compared to the previous case.
Hydrothermal (Chemical) Growth
Hydrothermal (aqueous chemical) growth method is attractive for several reasons: low cost, less hazardous, and capable of easy scaling up; growth occurs at a relatively low temperature, compatible with flexible organic substrates; there is no need for the use of metal catalysts; in addition, there are a variety of parameters that can be tuned to effectively control the morphologies and properties of the final products. [72] [73] [74] The growth process ensures that a majority of the NWs/NRs in the array are in direct contact with the substrate and provide a continuous pathway for carrier transport, an important feature for future electronic devices based on these materials. Aqueous chemical method has been demonstrated as a very powerful technique for the growth of ZnO NWs via selective capping mechanisms. In this case, molecular capping agents play a significant role in the kinetic control of the nanocrystal growth by preferentially adsorbing to specific crystal faces, thus inhibiting growth of that surface. 81 produced dense arrays of ZnO NWs in aqueous solution having controllable diameters of 30-100 nm and lengths of 2-5 m, which is shown in Figure 3 . With the addition of polyethylenimine (PEI) in the hydrothermal method, Law et al. 13 and later Qiu et al. 80 were able to synthesize wellaligned ZnO NWs arrays with a long length of more than 40 m. However, without the additive PEI, the length of the NWs was not more than 5 m. Figure 3(d) shows the marked effect of adding PEI to the nanowire growth bath. Very long ZnO NWs with comparatively higher diameter could be made by adjusting the reactant concentration, the temperature, and the growth time. The PEI content in solution strongly affects the length and diameter of ZnO NWS arrays. Studies show that there is an optimum PEI concentration in the solution for getting maximum length of the ZnO NWs, beyond that it starts decreasing. On the other hand, average diameter of the NWs gradually decreases with increasing PEI content. The effect of zinc salt concentration on the morphology of the ZnO nanowires is shown in Figure 3( ]. The increased NW density and the improvement of the degree of alignment are related to the increase of nucleation density in the initial growth stage, which results from increased [Zn 2+ ]. The higher the precursor concentration, the larger the supersaturation, which results in more nucleation density; the higher the nanowire density, the better the alignment degree. Instead of normal heating, commercially available microwave could be used for the hydrothermal growth of ZnO NWs. 82 Using microwave heating, rapid synthesis of aligned ZnO NWs within minutes could be possible.
Reaction of zinc salt (zinc acetate) in the alkaline solution also results in the growth of ZnO NWs. KOH and NaOH are commonly used as alkali compounds. 83 84 During the chemical reaction, the O 2− in ZnO comes from the base, not from the solvent H 2 O. Therefore growth of ZnO NWs by this process does not necessarily require the H 2 O solvent. It could be organic solvents, such as methanol, 85 ethanol, 86 and butanol, 87 or even ionic liquids. 88 Under alkali conditions, the reactions could take place at room temperature by adjusting the ratio of Zn 2+ and OH − , giving rise to ZnO NWs. The diameter of the ZnO NWs grown by this method varies in the range of 30-100 nm.
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ZnO Nanowire Heterostructures: Intriguing Photophysics and Emerging Applications However, when a nonpolar solution hexane is used, ultrathin ZnO NWs of diameters of 2 nm are obtained from zinc acetate precursor. 89 The ultrathin NWs were possibly grown by oriented coalescence of quantum dots and the surface was smoothened by Ostwald ripening. 90 
FABRICATION OF ZnO NANOWIRE HETEROSTRUCTURES
It is considered that HS are superior for the modulation of selective properties of the material. Using suitable external materials for the HS, one can modify the properties of the material according to the requirements. The fabrication of HS is being intensely investigated in the last couple of years in order to exploit the functional properties arising from the junction of different materials and/or the effect of hierarchical organization of NWs. Axial HS along the length of the NWs axis have been reported for a few systems, such as InAs/InP, GaAs/GaP and Si/SiGe NWs, due to the existing difficulties in the fabrication process. [91] [92] [93] Such types of axial HS on the ZnO NWs are not explored yet by the materials community. However, there are reports on the fabrication of axial homo-junction in the ZnO NWs. First attempt was based on spatially controlled doping of single ZnO NW during the hydrothermal growth process. 94 Selective doping of single ZnO NW was carried out for creation of nano-junctions by introducing the dopant in vertically grown single-crystalline ZnO NWs. A section of the NWs was doped with aluminium as donor during crystal nucleation, resulting in n-n + junction. 94 Later, its rectification behaviour was studied in details and it is found to be a half-wave rectifier. 95 This NW diode junction is compatible for operation at higher frequencies (∼1 MHz). Recently, there are reports on the fabrication of radial HS of ZnO NWs/NRs using several organic/inorganic materials. 14 41 42 61 65 96-103 Several new strategies have been adopted for the successful fabrication of ZnO NWs based radial HS. These are basically core-shell type NWs with very thin layer of shell. Here, the shell layer has a strong influence on the properties of the NWs; however, individual property of the shell layer is not distinct. These HS shows significant improvement on certain properties, mainly photophysical properties, viz. absorption, electron-hole pair generation and recombination rates, carriers transport. Although the HS are superior for modulation of certain properties, control on the external layer and formation of high quality interface between the external material and NW are, however, challenging issues.
ZnO NWs covered with dense and uniform ultrasmall metal nanoparticles (NPs) is another form of NW HS. Using suitable noble metal or low work function metal NPs, one can achieve very intense UV PL with significant reduction in visible emission, which is one of the most important requirements for the application in UV LEDs or lasers. Very high UV photocurrent (PC) from this type of NW heterostructure is reported by our group and a few other groups, as discussed later. However, it is observed that decoration of different metal NPs results in anomalous behaviours in PL and PC properties in some cases. In this section, we revisited the use of various strategies for the fabrication of different ZnO NW radial HS.
ZnO/Inorganic Radial Heterostructures
Different inorganic materials, mainly semiconductors have been used to prepare very thin layer over the NWs for the fabrication of the ZnO/inorganic NW radial heterostructure. In most of the cases or perhaps all the cases, ex-situ process has been used for the fabrication of radial heterostructures. The high quality well aligned ZnO NWs have been prepared by CVD/hydrothermal method and subsequently the deposition of thin inorganic layer is made by suitable techniques.
In an earlier work, Law et al. 14 coated the ZnO NWs array with Al 2 O 3 or TiO 2 to improve the performance of the dye sensitized solar cell (DSC). In principle, it is expected that an oxide shell can suppress recombination by (i) introducing an energy barrier that increases the physical separation between photoinjected electrons and the oxidized redox species in the electrolyte, (ii) forming a tunneling barrier that corrals electrons within the conducting cores, or (iii) passivating recombination centers on the NWs and increase the carrier lifetime.
ZnO/Al 2 O 3 and ZnO/TiO 2 core-shell NWs have been synthesized using a two-step process, which is represented in Figures 4(a) -(h). First, ZnO NWs were grown in aqueous solution using a seeded growth process by hydrothermal technique. Here ZnO NPs with diameter 3-4 nm was used for seeding and ZnO NWs growth was carried out for 24 h. Subsequently, atomic layer deposition (ALD) was applied to cover each NW with a thin layer of amorphous Al 2 107 successfully prepared long and vertical grown ZnO/TiO 2 coaxial NWs followed by deposition of poly(3,4-ethylenedioxythiophene)-poly(styrene-sulfonate) on the top surface. This inorganic/organic heterostructure device greatly enhanced the electroluminescence intensity of the UV emission and the defect emission is significantly suppressed as compared to the uncoated ZnO NW device at room temperature. HS has been fabricated from seed layer assisted hydrothermally grown ZnO NWs followed by TiO 2 coating by sputter deposition process. TiO 2 sputtering was done for different deposition times at two different deposition currents of 10 and 40 mA. The thickness of the TiO 2 coated layer on the ZnO NW is about 8-13 nm for the sputtering at 40 mA, 350 s. It is found that TiO 2 layer contains nanocluster on the top of the layer which are the TiO 2 NPs. However, when the deposition current is smaller (10 mA), the deposited TiO 2 NP layer is smoother and more continuous, consisting of less pinhole defects. Fewer pinhole defects result in a dramatic increase in UV emission.
Instead of physical deposition of oxide layer on the ZnO NWs, chemical solution based capping methods have been attempted for ZnS and ZnSe. 97 109 For ZnS capping, already prepared ZnO NWs were dipped into 50 mL of 10 mM aqueous solution of thioacetamide (TAA) at 70 C for 1 h and then dried. To increase the thickness of the ZnS layer, the ZnO NWs are dipped in the TAA solution for longer time duration. Fabricated ZnO/ZnS NW heterostructure is shown in Figures 4(i)-(l) along with the bare ZnO NWs. In this case, the surface of the ZnO/ZnS NW heterostructure is not smooth due to the grain growth. 110 of the ZnS nanocrystals on the surface of the ZnO NWs. On the other hand, the ZnO/ZnSe NW heterostructure was fabricated in a microwave reactor. An aqueous solution containing 0.2 mM sodium selenite and 0.075 M hydrazine monohydrate was prepared at room temperature. Then the ZnO NWs array and 25 mL of above solution mixture were loaded into a microwave reactor. During the reaction, the solution was heated to 140 C and then gradually cooled down to 80 C. Final product was obtained after annealing at 500 C for 2 hours in Ar ambient.
Along with the simple oxide materials, researcher also used complex metal oxide, e.g., ZnMgO or ZnCdO for the fabrication of core-shell type ZnO NW radial HS. The growth experiments were performed using a conventional MBE system or low-pressure pulsed laser deposition system. Despite the mismatch in lattice symmetry, the cubic (Mg, Zn)O sheath layer is found to be epitaxial on the wurtzite ZnO NW core. Yi group first reported the fabrication of ZnO/ZnMgO quantum well (QW) nanowires grown with metal-organic vapor phase epitaxy (MOVPE) and studied its optical properties. [111] [112] [113] Later, a well controlled system of ZnO/ZnMgO QW heterostructure was fabricated by Cao et al. 114 These systems exhibit quantum confinement effect which reflects on the optical properties. During the fabrication process, first vertically grown ZnO NWs array with low areal density on sapphire is synthesized using high-pressure pulsed laser deposition (PLD). Pre-patterned ZnO buffer layer was used to fabricate individual NWs several micrometer apart to suppress any shadowing effect by neighboring NWs during shell growth. The ZnMgO shell growth on the ZnO NWs was done in a low-pressure PLD chamber. A schematic diagram of a single ZnO/ZnMgO QW NW is shown in Figure 5(a) . Its microstructural characterization results are shown in Figures 5(b) -(e). It is found that the ZnMgO shell coats homogeneously the entire NW and the deposition of ZnMgO transforms the flat ZnO tips (though, ZnO nanowires occasionally exhibit sharp tips) into pyramidal ones. ZnO/ZnCdO multi QW (with four QWs) nanowire heterostructure arrays were successfully fabricated by Fan group 115 116 by alternative depositions of ZnCdO and ZnO layers using PLD deposition technique. Here, the ZnCdO well thickness was ∼ 1.5 nm with ∼ 4.5 nm thick ZnO barriers.
ZnO/Organic Radial Heterostructures
In recent years, the photophysics of the ZnO/organic hybrid structures, which enable charge separation and ultrafast energy transfer, have been intensively studied. For the fabrication of ZnO/organic radial NW HS, varieties of organic materials are utilized, these includes polymers, 96 98 117-119 monomers, 65 organic semiconductors, 42 101 120 graphite, 121 graphene 41 122 etc. These are basically hybrid structures where ZnO NW is the core material. As-grown ZnO NWs and ZnO/poly(vinyl alcohol) (PVA) NW heterostructure 96 are shown in Figures 6(a)-(f) . In this case, heterostructure fabrication process was carried out by dip coating the ZnO NWs array in the PVA solution at 50 C for one hour. Similar to the previous cases, here a clear ZnO-PVA interface is observed from the high resolution TEM image (Fig. 6(f) ). This confirmed the successful fabrication of the ZnO/PVA radial NW HS. In the present case the PVA molecules are most likely to get attached to the ZnO NW surface by forming a complex bond with the ionized V Zn defects through weak electrostatic attraction. 123 Other polymers such as polymethyl methacrylate (PMMA), 87 polymerized acrylonitrile (PAN), 117 poly(styrene-co-maleic acid) (PS-co-MAc), 118 polystyrene sulfate (PSS) 118 and poly(3-hexylthiophene) (P3HT) 119 were also successfully utilized for the fabrication of NW HS. These HS exhibit significant improvement in photoluminescence (PL) and photocurrent (PC) behaviours. Instead of polymer, monomer (L-lysine) 65 is also used for the easy formation of thick coatings over ZnO NWs. The L-lysine treatment on the free-standing ZnO nanowire films was carried out by immersing into a solution of L-lysine in ethanol with a concentration of 5 mM for 24 h. Then it is removed from the solution and rinsed with ethanol followed by vacuum drying at room temperature.
UV sensitive organic semiconductors are highly favorable for the modulation of the selective properties of the ZnO NWs. Our group has demonstrated the use of anthracene and copper pthalocyanine (CuPc) for the fabrication of ZnO/organic NWs HS photodetectors. 42 101 These HS based photodetectors show a notable improvement in the device performance. For the fabrication of ZnO/anthracene heterostructure, a simple dip coating technique is used where the NWs were dipped in the 3 mM anthracene solution. The microscopy image of the fabricated ZnO/anthracene radial NW heterostructure is shown in Figure 6 (j) which contains ∼ 15 nm thick anthracene layer over the NWs. Compared to the TEM image of the bare ZnO NW (Fig. 6(h) ), a clear contrast for a smooth layer of anthracene is observed. The anthracene molecules are attached on the surface of the NWs at the oxygen vacancy sites by metal-ligand interfacial bonding interaction. Similar attachment has been observed when the surface of the ruthenium or ZnO NPs is functionalized with the anthracene derivatives. 124 125 Another highly UV sensitive organic semiconductor, CuPc was directly deposited on the surface of the ZnO NWs at a very low flux rate by thermal evaporation process. The thinnest covering of CuPc layer was made about 5 nm. Solution based fabrication process of ZnO/CuPc HS were also attempted by other groups 120 126 and they investigated the photo-induced charge transfer mechanisms in order to achieve improved device performance.
Carbon nanomaterials in different forms have also been used for the fabrication of ZnO NW HS due to its high electronic conductivity and other exciting properties. In this context, amorphous carbon, 127 graphite, 121 128 carbon nanotube (CNT) [129] [130] [131] and graphene 41 122 132-135 have been used. However, radial NW HS were fabricated only for graphite and graphene (few cases). In case of CNT, it is a hybrid structure containing heterojunction between ZnO and CNT. A new type of field emitter was introduced by Sameera et al. 121 by using ZnO (core)/graphite (shell) NWs which possess low turn on field and high current density at low threshold voltage. ZnO/graphite NWs were synthesized as free standing mats by a simple chemical vapor deposition of zinc acetate in the presence of fine graphite in a horizontal tube furnace at 1300 C. Here, only the temperature plays the important role for getting the HS. Graphene is considered as a novel carbon nanomaterial with a unique two dimensional conjugated structure and electronic properties, and has been intensively studied for applications in electronic devices, nanocomposites, solar cells and sensors. [136] [137] [138] [139] Very recently, a rapidly increasing interest has been focused on graphene and graphene based HS for efficient optoelectronic devices. In case of graphene, wrapping of graphene sheet on the surface of the NWs and the NW-graphene heterojunction both have been attempted. Zheng et al. 122 used two steps CVD processing to fabricate ZnO NW heterostructure with pyramid-like graphene sheet. First, ZnO NWs were grown on Si(111) substrate by using CVD technique followed by coating of Ni NPs using dc magnetron sputtering. Then, the growth of graphene sheet on Ni-coated ZnO NWs was achieved in a radio frequency PECVD system using methane as reactant gas. In another experiment, Chang et al. 41 used reverse route for the fabrication of ZnO-graphene HS on various substrates. The scheme of this facile in situ solutiongrown ZnO nanorod/graphene heterostructure is shown in the Figure 6(k) . Firstly, highly water soluble, large size (∼ 10 m) graphene was synthesized by chemical process. 140 The graphene was then mixed with ZnO quantum dots (QDs) in a certain ratio to form a mixture solution, which is subsequently cast onto different substrates including glass, quartz, SiO 2 /n-Si and polyethylene terephthalate (PET), to yield thin films of ZnO QD/graphene. Thereafter the ZnO nanorods were grown horizontally on the graphene sheet to yield the ZnO nanorod/graphene HS.
Metal NPs Decorated Heterostructures
Decoration of metal NPs have been carried out mainly for the improvement of the UV emission and suppression of the green emission in ZnO NWs and later it was successfully used for sensing application. In this context, different metals, e.g., Au, 71 141-143 141 and later Cheng et al. 142 reported on the significant enhancement of UV PL intensity and subsequent reduction in the defect related visible emission from the ZnO NWs covered with ultra small Au NPs. Au NPs decorated ZnO NWs HS were fabricated by controlled deposition of Au NPs using a dc sputtering technique. The fabricated heterostructure is shown in Figure 7 where the Au NPs are uniformly decorated on the side and top surfaces of the ZnO NWs by electrostatic interaction. The coverage of Au NPs was controlled by sputtering for different time duration at a fixed current. It is observed that above certain size of the Au NPs, the UV PL intensity decreases. It was proposed that the obtained enhancement is due to the defect loss along with the localized surface plasmon assisted recombination. On the other hand, when the NRs surface is covered with Ag NPs, a significant improvement in the yellow-green light emission is obtained. 144 Whereas, for Ti, Al and Ni NPs decoration both the UV PL and green emission intensity increases with increase in NPs coverage. Interestingly, it is also reported that NWs covered with some metals give rise to the decrement of the PL intensity. 153 Not only the dc sputtering; chemical, 150 electrodeposition 151 and electron beam evaporation 152 processes are also used for the covering of small sizes metal NPs. Significant change are obtained from all the cases of metal NPs covered NWs/NRs, and a general understanding on the mechanism for different types of metal covering is investigate by our group 71 and Fang et al. 153 and the results are explained on the basis of type of contact (Ohmic or Schottky) formation at the interfaces and charge transport mechanisms. In case of noble metal, where the surface plasmon effect is prominent, the change in the properties is due to the surface plasmon assisted electron transfer across the interface.
Lin et al. 154 fabricated another type of heterostructured Ag-ZnO NWs by electrospinning method. Extensive loading of Ag NPs on the surface of the ZnO NWs was performed from the mixture of poly(vinylpyrrolidone) and silver nitrate in ethanol solvent. In this case Ag NPs are present inside the ZnO crystal near the surface as well as on the surface. The Ag content in ZnO was adjusted from 0 to the maximum 50.0 at.% and the fabricated heterostructure is shown in Figure 8 . The loading of Ag was confirmed from the TEM images followed by EDX mapping. The morphology and distribution of Ag additives significantly influenced the photophysical properties of the composites. 
EMERGING APPLICATIONS OF ZnO NW HETEROSTRUCTURES
Based on the improved optoelectronic properties of the ZnO NW HS, possibilities for the efficient applications of ZnO NW HS based devices are being investigated extensively. Various model devices have been fabricated and investigated for its superiority over the bare ZnO NWs based devices. The important devices include UV photodetectors, light emitting diodes (LEDs), dye sensitized or quantum dots sensitized solar cells, photoanode for hydrogen production, piezoelectric nanogenerators, field emitters etc. In this section, we highlight recent advances on some of the important devices where ZnO NW HS have been exploited.
UV Photodetectors
ZnO NWs has a strong response to photons with wavelength in the UV region and conductivity is increased by several orders of magnitude upon exposure to UV radiation. This important property of ZnO NWs is being utilized to detect photons and a large amount of works have been devoted to study the photodetection behavior and understanding the underlying mechanism. Several review articles have been published recently on the ZnO NWs based photodetectors. [155] [156] [157] [158] [159] Yang group 5 first reported and patented the ZnO NW based photodetectors in 2002. The single ZnO NW based photodetector shows decrease of resistivity by 4 to 6 orders of magnitude when it was exposed to UV light with wavelengths below 380 nm.
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After this work, a large amount of work is devoted on the understanding of the photodetection behaviour of various semiconducting NW.
Photodetection Mechanism
First Kind et al. 5 and later Soci et al. 6 proposed the photodetection mechanism of the ZnO NW system. In a recent study, we revisited the mechanism of the photodetection of the ZnO NWs and a deeper understanding has evolved. 160 The photoresponse of the ZnO NWs consists of two parts: a rapid process of photogeneration and recombination of electron-hole pairs, and a slow process of surface adsorption and photodesorption of oxygen molecules. The oxygen plays a crucial role in the photoresponse of ZnO. In dark condition, oxygen molecules from the air are easily stuck on the surface of the NWs by adsorption process and trapped electrons [O 2 g + e − → O − 2 ] available on the surface near the Zn lattice and decreased the conductivity, 5 which is shown schematically in Figure 9 (a). This process leads to the formation of depletion layer near the surface resulting in the upward band bending of the conduction band (CB) and the valence band (VB). The formation of the depletion layer has a prominent effect on the current conduction process when the diameter of the NWs is comparable to the thickness of the depletion layer. Formation of large number of ionized oxygen on the NWs surface enhances the band bending, resulting in a very low conductivity. During the UV illumination with energy greater than the band gap energy of ZnO, electron-hole pairs are generated [h → e − + h + ] by light absorption. Now these electrons/holes easily cross the depletion layer and contribute to the photoconduction process. At the same time, holes take part in the oxidization of ionized oxygen [O − 2 + h + → O 2 g , photodesorption process] and release one oxygen gas molecule by electron-hole recombination process [ Fig. 9(b) ]. Subsequently, few of the released oxygen molecules are re-adsorbed on the surface and decrease the free electron concentration. The energy band diagram during UV illumination is shown in Figure 9 (c). After a certain time, electron-hole generation rate and oxygen re-adsorption rate become constant resulting in a steady photocurrent. It is known that oxygen adsorption process is slower than the photodesorption process. Therefore, during UV illumination, not all the holes recombine with the electrons present in the ionized oxygen. As a result, excess holes are available for recombination with the excitonrelated free electrons. During photocurrent decay, the exciton related electron-hole recombination dominates, which corresponds to the faster decay component, so the photocurrent initially decreases very rapidly. With the surface re-adsorption of oxygen, the photocurrent comes to the initial dark current value very slowly. Therefore, the oxygen molecules play a key role on the photoresponse of the ZnO NWs. It is also reported that the surrounding medium has a strong effect on the photoresponse time of the ZnO NWs. 161 162 During UV illumination, it was found that the current decreases gradually under high humidity, whereas the current increases under low humidity. In the recovery phase, a change of two to three orders of magnitude in the decay time is observed by varying the humidity. Whereas, the PC did not reached the saturation value after long time when it was measured in vacuum. 162 
The Key Parameters of the Nanowire Photodetector
Photosensitivity, wavelength selectivity, response time and reproducibility are the main parameters to characterize a photodetector. These parameters decide its applicability and superiority over the other existing devices. The maximum photocurrent is obtained for a particular wavelength of light, which is basically the absorption maximum of that material. For ZnO, the absorption maximum appears in the UV region at 367 and its wavelength selectivity is in this region. This is going to depend on the band structure as well.
(c) Response and Reset Times. Considering the exponent time response of the photodetectors, the response time is defined as the time taken to reach the 63% of the maximum photocurrent from the time of exposure of optical light. Similarly, the reset time is defined as the elapsed time to reach the 37% of the maximum photocurrent from the switching off the optical light. In case of metal oxide, the oxygen adsorption and the photodesorption processes have components in the photoresponse curve. Therefore, the individual components are characterized by the double exponent fitting to the response curve. Due to the presence of intrinsic defects, the response and reset times of the bare ZnO NW based photodetectors are usually very poor.
(d) Reproducibility and Stability. The reproducibility of the photodetector is a very crucial parameter for application point of view. The stability of a sensor is the measurement in the change of sensing behavior after numerous times of switching between 'ON' state and 'OFF' state. The stability is good when the sensing performance shows very little change after numerous uses. Reproducibility and long term stability in the performance of the photodetector is the indication of its acceptability for practical use/application.
Performance of the ZnO NW Heterostructure Based Photodetectors
High photosensitivity and selectivity, faster response and reset times, and reproducible characteristics are the basic requirements for an efficient photodetector. 99 163 These characteristic parameters for the bare ZnO NWs based photodetectors will require significant improvements in order to meet future demands for applications in variety of fields. Since the first report on UV photodetection from single ZnO NWs by Kind et al. 5 many efforts have been devoted to one-dimensional ZnO nanostructures, including NWs to improve the photodetection and photoresponse behaviours. 61 150 164-168 However, there is still a lot to be done to address the challenges that remain. In particular, the photosensitivity and photoresponse time of the ZnO NWs based photodetectors require significant improvements in order to meet future demands in variety of fields. In the steps towards this goal, very recently several groups have reported enhanced photodetection behaviors from the ZnO NW heterostructure based photodetectors, which are summarized in Table I . Several innovative strategies/methodologies are implemented to improve photosensitivity, photoresponse and reset times. The heterostructure approach proved to be a powerful and an effective approach towards the improvement of the performance characteristics of the photodetectors.
Using the HS approach, a very high photosensitivity (4 8 × 10 4 was reported by Bera et al. 96 for the ZnO/poly(vinyl alcohol) NW system. They reported more than two fold improvement in the photosensitivity compared to the bare ZnO NWs photodetector. The schematic diagram of the PC measurement geometry and the obtained photoresponse data is shown in Figure 10 . Connections to the bundled of NWs were done by making two circular (∼ 1 mm dia) gold electrodes (of 50 nm thickness) at a separation of 3 mm on the top of ZnO NW arrays. The measurement was done at the excitation of 325 nm, 100 mW power. On UV illumination, the PC in the as-grown sample reaches a maximum value of 9 7 × 10 −6 A, leading to the photosensitivity of 1 8 × 10 4 . In the case of the ZnO/poly(vinyl alcohol) NW system, the PC reaches a maximum value of 6 52 × 10 −5 A, and thus photosensitivity becomes 4 8 × 10 4 , which is more than double that of the as-grown sample. The response and reset times for the 90% growth and decay of the maximum PC are about 100 and 207 s, respectively for the as-grown NWs and 150 and 430 s, respectively for ZnO/poly(vinyl alcohol) NW system. Using a UV sensitive monomer, L-lysine, as an external material, Liu et al. 65 also reported high improvement in the photosensitivity by a factor of 4.7. For device fabrication, a suspension of ZnO NWs was prepared by ultrasonically dispersing the NWs into isopropanol followed by filtration using a nano-porous anodic aluminum oxide (AAO) membrane. After drying, the NW film was detached from the membrane and cut into straps of 2 mm wide. Thermally evaporated Ag was used for establishing an Ohmic contact to the NWs. The reproducibility of this device was studied and a reproducible UV photoresponse in humid air is obtained due to L-lysine surface passivation. The decay time was prolonged from 7.2 to 26.7 s due to L-lysine surface modification. Although these systems show improvement in the photosensitivity, however, it shows slowing down of the response time. In a recent report, Chang et al. 41 combined the attributes of photosensitive ZnO NRs and highly conductive graphene and they were able to fabricate a highly sensitive visible-blind UV sensor based on ZnO nanorod/graphene heterostructure. To fabricate UV sensors, a thin film of ZnO QD/graphene hybrid was first prepared on a SiO 2 /n-Si substrate followed by 100 C annealing. Then it was patterned by Au electrodes with 100 mm channel length and 2 mm width. Subsequently, the ZnO nanorods were gowned on the patterned ZnO QD/graphene hybrid thin film by a hydrothermal method. Time-resolved photoresponses of pure graphene, ZnO QD/graphene hybrid and the ZnO nanorod/graphene heterostructure at 1.084 mW/cm −2 of 370 nm radiation are shown in Figure 11 . Much faster photoresponse for the ZnO nanorod/graphene heterostructure is observed. Immediately after irradiation, a very steep increase in current is observed for ZnO nanorod/graphene heterostructure based device, with a tangent angle of almost 90 . Such a high photosensitivity and faster response is attributed to the UV absorbing properties of ZnO and the high electron accepting and transporting properties of graphene due to its high electronic mobility and conductivity.
Metal NPs decorated ZnO NW heterostructure also shows significant improvement in the photosensitivity and the response time. In a recent work, we reported the photoconduction behaviors of the ZnO NW array which are uniformly decorated with small sizes Au or Ti NPs. 71 148 
Dhara and Giri
ZnO Nanowire Heterostructures: Intriguing Photophysics and Emerging Applications In both the cases, we obtained very high improvement factors (seven-ten) in the photosensitivity, compared to the bare ZnO NWs based photodetectors. For Au NPs decoration, the maximum PC increases up to a certain size of the Au NPs, while for the Ti NPs decoration it increases with increase in the Ti NPs size. However, for thicker coverage of Ti NPs, the enhancement factor reaches a the saturation value. The response data of these HS also show faster response, where the fastest response time of 2.4 s and 1.4 s are obtained for the ZnO/Au and ZnO/Ti NW HS, respectively. The mechanism of enhancement in ZnO/Ti NW heterostructure is explained on the basis of electron transfer from Ti to ZnO through Ohmic interfaces.
On the other hand, in the ZnO/Au NW HS it is explained by surface plasmon resonance assisted electron transfer to the conduction band of ZnO through localized Schottky interfaces. Therefore in this type of heterostructure, nature Rev. Nanosci. Nanotechnol., 2, 1-24, 2013 of contacts formed between metal NPs and ZnO NWs plays the key role on the enhancement of photocurrent and faster photoresponse. Note that the above described HS are able to provide a very high photosensitivity; however it fails to show ultrafast photoresponse, which is one of the essential requirements for the real times applications of ZnO NW based UV photodetectors. Therefore, we looked for an alternative approach to fabricate a photodetector with high photosensitivity as well as ultrafast photoresponse. 171 Improved ultrafast photoresponse and reset time, and enhanced photosensitivity were obtained by Al doping of the ZnO NWs followed by Au NPs decoration. The step-wise photoresponse behavior of this system is shown in Figure 12 . Al doping of ZnO NWs significantly improves the response time, however the photosensitivity decreases due to the increase in the dark current. Further Au NPs decoration improves the response time as well as the photosensitivity. The obtained photoresponse and reset times are 100 ms and 110 ms, respectively, which are much faster than those of undoped bare ZnO NWs as well as previously described HS. Therefore, simultaneous improvement of photosensitivity and photoresponse from such HS need to be achieved by a suitable technique. Note that the doped NW HS does not show sufficiently high photosensitivity for practical applications and hence needs further investigation to find appropriate techniques to improve the photosensitivity.
Zhou et al. 167 reported a new device architecture to improve the photoresponse time. They used a nonsymmetrical Schottky-type contact device followed by HS fabrication by surface functionalization with PDADMAC and PSS polymers and obtained higher sensitivity and faster reset time. Figure 13 shows the comparative studies of ZnO NW devices with Ohmic and Schottky contacts. Symmetric Au/Ti electrodes were used for Ohmic type contacts. The device shows slow response where the current cannot recover to its initial value even after ∼ 2500 s (Fig. 13(b) ). Pt microelectrode arrays were first fabricated on a SiO 2 /Si substrate by UV lithography to make Schottky-type contact on one end of the NWs and a focused-ion-beam (FIB) deposited Pt-Ga electrode on other end of the ZnO NW for a good Ohmic contact. A fast reset time of 0.8 s was observed in NW device with Schottky contact. With polymer functionalization, the reset time further reduced to 20 ms which is much faster than the case of NW device with Ohmic contact. The fast photoresponse rate was attributed to the intrinsic properties associated with the Schottky barrier and surface coating with polymer. Along with the improvement in the response time, the photosensitivity of this device also improved by a factor of four. The performance characteristic of this device is reasonably good for application purpose. However, the fabrication of Schottky contacts for single-NW device requires complex, high-cost and low-yield lithography steps, which may limit their future commercial applications that require a cost-effective large scale production.
Light-Emitting-Diodes (LED)
The wide-bandgap ZnO NWs offer several advantages as a powerful LED material. The large exciton binding energy, large index of refraction (n > 2) ensuring strong photonic confinement, low cost, and easy fabrication processes make it a preferable candidate. As a result, ZnO NW based LEDs have been widely investigated. However, there are only a few reports on ZnO NW homojunction based LEDs, 174 175 due to the lack of stable p-type doping in ZnO. Most of the investigations are based on hybrid structures using a polymer as the p-conducting material 11 12 44 176 177 or p-n heterojunction with p type Si. 177 178 In the polymer hybrid based structure, the polymers offer several advantages: the liquid polymers can penetrate the dense arrays of NWs and, thus, can form smooth junction on almost the entire NW surface; wavelength tunability could be achieved by using different polymers. In recent years, ZnO NW HS (n-layer)/organic (p-layer) hybrid LEDs promise improvement in the electroluminescence (EL), compared to the bare ZnO NW based conventional or hybrid LED. Lee et al. 107 demonstrated the enhancement in UV EL from ZnO NWs/poly(3,4-ethylenedioxythiophene)-poly(styrene-sulfonate) (PEDOT:PSS) heterostructure through surface modification with TiO 2 coating. The schematic diagram of the device structure and corresponding FESEM image are shown in Figures 14(a) and (b) . The ZnO/TiO 2 coaxial NWs were fabricated by hydrothermal growth of vertically aligned ZnO NWs on ITO substrate followed by coating of TiO 2 for different time duration. The empty gaps between the individual ZnO/TiO 2 coaxial NWs were filled with an insulating spin-on-glass (SOG), a polysiloxane-based dielectric material. Subsequently, SOG coating from the top of the ZnO/TiO 2 coaxial NWs was removed by plasma etching. The hole-conducting polymer PEDOT:PSS was then deposited on the TiO 2 -coated ZnO NWs to form the p-n heterojunction by spin coating. Electrical contact was made by depositing gold by electron-beam evaporation. The EL spectra of this device as a function of TiO 2 coating and corresponding changes in the EL intensity ratio for the UV and defect emission are shown in Figures 14(c) and (d) . The EL intensity ratio between the band gap and defect emission is greatly enhanced by up to about 250 times. The origin of the improvement in EL of ZnO NW devices was attributed to the surface modification by the sputtered TiO 2 coating and the reduction in the pinhole traps on the surface of ZnO NWs.
Solid-state white light sources are in great demand for future day-to-day lighting applications. ZnO NWs based broadband white LEDs have been successfully demonstrated. 44 179 Bano et al. 179 demonstrated white light luminescence from ZnO-organic hybrid LED grown on a flexible plastic substrate. The configuration used for the ZnO-organic hybrid white LED consists of a layer of poly (9,9-dioctylfluorene) (PFO) on PEDOT:PSS coated plastic with top ZnO nanorods, which is shown schematically in Figure 15 . Room temperature EL spectrum reveals a broad emission band covering the whole visible range from 420 to 750 nm. Color coordinates measurement of the present ZnO-organic hybrid LED reveals that the emitted light has a white impression. The color rendering index (CRI) and correlated color temperature (CCT) of the white LEDs were calculated to be 68 and 5800 K, respectively. By optimizing the concentration of the PFO white light emission with higher CRI can be achieved.
Dye-Sensitized Solar Cells
Dye-sensitized solar cell (DSSC) is an important class of photovoltaic device having potential to show very high conversion efficiency. DSSC works with the following sequence of physical processes: (i) a light-absorbing dye generates an electron-hole pair, (ii) the electron and hole separate quickly into two different phases, and (iii) the carriers are transported in these respective phases to opposite electrodes.
ZnO NWs based DSSCs show faster operation and higher energy conversion efficiency compared to existing nanoparticles based DSSC. 13 The main advantage of single-crystalline NW is the fast electron transport across the wires and rapid collection by the anode. One further advantage is the possibility of precisely tailoring of the electronic properties of the NWs/NRs for tuning the absorption spectrum of the hybrid system of dye/NWs with the solar emission spectrum.
Core-shell NW HS have been utilized in DSSCs for better efficiency. ZnO-Al 2 O 3 and ZnO-TiO 2 core-shell NW based DSSCs have been demonstrated by Law et al. 14 Their findings reveal that alumina shell act as insulating barrier that improve cell open-circuit voltage (V OC ) only at the expense of a larger decrease in short-circuit current density (J SC ). However, titania shells of 10-25 nm thickness cause a dramatic increase in V OC and fill factor with little current falloff [ Fig. 16 ], resulting in a substantial improvement in overall conversion efficiency, up to 2.25% under 100 mW cm −2 AM 1.5 simulated sunlight. ZnOMgO core-shell NWs have shown for an almost five-fold improvement compared to pristine NW device with overall conversion efficiency of 0.33%. 103 This improvement indicates that photogenerated electrons can efficiently tunnel through the 'insulating' MgO shell. Better electron transport in such structures is a product of their single crystalline assembly and of the presence of a radial surface electric field within each NW. This field assists carrier collection by repelling the photoinjected electrons from the surrounding electrolyte. However, the insufficient internal surface area of the NWs limits the power conversion efficiency, owing to deficient dye loading and light harvesting. 180 To achieve higher dye adsorption, branched one-dimensional ZnO nanostructures consisting of upstanding NWs and out-stretched branches are used to further improve the power conversion efficiency of the DSSCs. Xu et al. 181 reported the fabrication of a DSSC with a branched hierarchical ZnO NW-nanosheet photoanode that showed a power conversion efficiency of 4.8%, which is nearly twice as high as that of DSSCs constructed using a photoanode consisting of bare ZnO NWs.
Quantum Dot-Sensitized Solar Cells
To improve the energy conversion efficiency further, Leschkies et al. 45 introduced a new class of sensitized solar cells, where the organic dye was replaced by semiconductor quantum dots in the usual design. The new device is termed as quantum dot-sensitized solar cells (QDSSCs). This architecture has the advantage of tunability of optical absorption through selection of the semiconductor material and the particle-size distribution. The schematic diagram of the QDSSC and the corresponding performance characteristics are shown in Figure 17 . This cell consists of an array of ZnO NWs coupled with CdSe quantum dot. An array of ZnO NWs, grown vertically from an F-doped SnO 2 /glass substrate and decorated with CdSe quantum dots, serves as the photoanode. A second F-doped SnO 2 /glass substrate, coated with Pt, is the photocathode. The space between the two electrodes is filled with a liquid electrolyte, and the cell is illuminated from the bottom. When illuminated with visible light, the excited CdSe quantum dots inject electrons across the quantum dot-nanowire interface. The morphology of the NWs then provided the photoinjected electrons with a direct electrical pathway to the photoanode. With a liquid electrolyte as the hole transport medium, quantum dot-sensitized nanowire solar cells exhibited short-circuit currents ranging from 1 to 2 mA/cm 2 and open-circuit voltages of 0.5-0.6 V when illuminated with 100 mW/cm 2 simulated AM1.5 spectrum. The incident photon-to-current conversion efficiency (IPCE, also called external quantum efficiency) is about 10-15% and internal quantum efficiencies as high as 50-60%. This cell results in conversion efficiency of 0.4% at 100 mW/cm −2 light power, though it can be improved further. Use of CdS, PbSe quantum dots in the QDSSC is also demonstrated and the surface photovoltage characteristics could be improved to maximum by controlling the amount of attached QDs. 182 183 Chen et al. 184 demonstrated a novel architecture of QDSSC using ZnO nanorods grown on graphene to enhance electron transport. The QDSSC consists of FTO, graphene, ZnO, CdSe QDs, and the iodide electrolyte. At the interface between ZnO and graphene, due to the band alignment there is a band bending with offset of 0.2 eV. This band bending reduces barrier between ZnO and FTO, which is energetically favored for electron transfer from CdSe to the grapheneZnO nanostructure. Such QDSSC exhibited a high FF of 61.8% and J sc of 4.65 mA cm −2 . The FF value obtained in this work is one of the highest values based on the ZnO nanorods system. Chen et al. 185 reported the use of Au nanoparticle-sensitization in QDSSC for better absorption due to the surface plasmon resonance. The FF and efficiency of this dye-free Schottky barrier cell reached a value of ∼ 0.50 and 0.7%, respectively. After incorporation of N719 sensitizing dye in this cell, efficiency increased to 1.2%.
ZnO NW Heterostructure Photoanode Based Photoelectro Chemical Cells
Hydrogen represents a potentially high efficiency and environmentally clean fuel. It can be combined with oxygen in a fuel cell to produce electricity with only water as a chemical by-product. There are, however, a number of technological barriers to making this concept a reality. Safe storage and transportation of hydrogen in large volumes is difficult. In this regards, NWs HS are considered to be advantageous to overcome the existing barrier.
The advantage of heterogeneous NWs for water splitting is that a combination of semiconductor materials is used to match the energetic requirements for water splitting: one semiconductor satisfies the conduction band minimum for proton reduction and H 2 evolution, and the other semiconductor satisfies the valence band maximum for water oxidation and O 2 evolution. Meanwhile, the built-in potential at the interface can promote the separation and transport of photogenerated electrons and holes. 186 ZnO NWs based HS with various external materials, e.g., CuS, ZnSe, Ag etc. have been demonstrated for photoelectro chemical cell (PEC) water splitting with higher conversion efficiencies 108 109 187-189 ZnO nanorods coated with Ag film on a polyethylene terephthalate (PET) flexible substrate were used as the photoanode for water splitting, which is shown in Figure 18 . The hybrid nanostructures were prepared via low-temperature hydrothermal growth and electron beam evaporation. The improvements in light trapping and absorption properties are obtained from the heterostructure based PEC, which results in enhancement in the photo conversion efficiency. Light trapping and absorption are further improved by bending and optimizing the curvature of the PET substrates. The maximum short circuit current density (J SC , 0.616 mA cm −2 and the photoelectron conversion efficiency (PCE, 0.81%) are achieved with an optimized Ag film thickness of 10 nm and substrate bending radius of 6.0 mm. The maximum J SC and PCE are seven times and ten times, respectively, higher than those of the bare ZnO nanorods on flexible substrates without bending. The overall PEC performance improvement is attributed to the plasmonic effects induced by Ag film and improved charge transport due to inhibition of ZnO surface charge recombination. Enhanced light trapping (harvesting) induced by bending the PET substrates further improved the overall efficiency.
SUMMARY AND OUTLOOK
Herein we reviewed recent advances on the design and fabrication of various innovative ZnO NW HS and their intriguing photophysical properties. The growth of high quality ZnO NWs and fabrication methodology for various novel ZnO NW HS have been discussed. The superiority of these HS in the application of various optoelectronic devices compared to the conventional ZnO NWs based devices has been demonstrated. The impacts of HS design and method of fabrication on the selective properties are discussed in detail. These HS are shown to be highly useful for optoelectronic applications with efficient performance characteristics. However, still there are limitations towards the successful commercialization of these ZnO NW HS based optoelectronic devices. It is observed that the fabrication methods and the devices architecture strongly influenced the selective properties which results in superior performance of the devices. Therefore, for further improvement it is important to grow high quality NW HS with better-controlled hetero-interfaces or to find better device architecture. Although several model devices have been fabricated successfully, however, there exist technological barrier for the low cost fabrication and large scale integration in to the chip. More intense research on this topic could find the answers to unresolved issues such as high performance accompanied by reproducibility, robustness, stability and low cost integration of the devices. We hope that above described results on the methodologies and device fabrication will simulate more intense research in implementing the new strategies for ZnO NW HS to obtain optimum performance with low cost and high benefits. Fabrication of medium or large scale integrated optoelectronic devices based on ZnO NW HS is certainly one of the future research directions.
